I. INTRODUCTION
At the local level the primary standard of electromotive force is maintained by a group of saturated standard cells, the same type of cell used to maintain the National unit of electromotive force. Many laboratories use groups containing from 3 to 6 cells mounted in either a temperature controlled air or oil bath. The cells are in general calibrated by the National Bureau of Standards at periodic intervals and the mean emf of the group is assumed to remain constant between calibrations. Since such calibrations are done infrequently (at intervals of one year or more) some technique must be employed to maintain surveillance over the local unit between calibrations.
Starting with assigned values for each of the cells of the group as a given set of reference points, one can check on the relative stability of the cells by measuring differences among them. One could measure all possible differences and have equal precision in the knowledge of the values of all cells or one could pick a favorite cell and compare all others with this one (but this leads to high precision in the knowledge of the selected cell and relatively low precision in all others). For small groups it is quite practical to measure all possible differences, but as the group size increases the number of measurements would increase rapidly with N , where N is the group size. As N increases compromise schemes that lead to equal precision in the knowledge of each cell can be used. One such design is given in [1] This note discusses methods for maintaining surveillance of groups containing three, four, five, or six cells in a single temperature controlled enclosure. The procedures suggested are designed to yield information on:
II. The Measurement Technique
The opposition method [3] is usually employed in the intercomparison of saturated standard cells. In this method the small difference between two cells connected in series opposition is measured using a suitable instrument. The instrument is usually a potentiometer designed for the measurement of very small emfs [2] .
In the ideal situation the difference in emf as measured by the potentiometer is:
where 1 V and 2 V are the emfs of the two cells being compared.
However in the real situation there may be spurious emfs in the circuit. In general these can be classified into two categories:
1. Those emfs that remain constant, or relatively so, in relation to the interval over which a complete set of measurements is made. 2. Those emfs that vary rapidly (referenced to the interval over which a complete set of measurements is made).
If the emfs are of the second type they will have the effect of decreasing the precision of the process. On the other hand if they are of the first type they will have the effect of introducing a systematic error, thereby making the measurement
where P is the constant emf. It is possible to estimate P by taking a second measurement
and summing the two
The difference between eqs. (2) and (3) gives
an estimate of 2 1 V V − free of P . The pair of measurements (eqs. (2) and (3)) are get to be "left-right" balanced. That is if there is a positional effect it is balanced out of the final result. This technique is analogous to that used to eliminate the inequality of balance arms at precise weighing on a two pan equal arm balance. In order to designate the cell positions from the operational point of view they are frequently designated as unknown and reference: Relative to the input terminals of the measuring instrument they are as shown in fig. 1 . In the next section the principle of "left-right" balance will be extended to groups containing three or more cells.
III. Designs for Groups of 3, 4, 5, or 6 Cells
Experimental designs of groups of 3, 4, 5, and 6 cells are given in Appendix A. The designs presented have been selected to be (1) efficient from the standpoint of the operator making measurement (2) statistically efficient, in the sense of minimum standard deviation of the estimated cell values, and (3) relatively easy to analyze using conventional desk calculators. All of the analyses presented are the least square solutions for the associated design assuming that the sum of the differences from the mean of all is zero. For groups of 3, 4, 5, total left-right balance has been achieved and the estimate of the "left-right" effect is
where n is the number of measurements and y the observed difference in emf between two cells. Two ways in which cells can be connected in series-opposition. 4 / 4 For each size group the design and its analysis are given as a complete entity, with the left half giving the general procedure and the right half a numerical example. The suggested order for making the measurements requires moving one set of leads at a time thereby minimizing the possibility of connecting the wrong cells.
The definitions of the symbols used in the tables are as follows: For all of the designs given in Appendix A the assumption is that the mean of the whole group is known and serves as the restraint in the least square solution. In the next section, procedures for changing the restraint will be given. The analysis produces the following basic information which can be used to monitor the process:
3. The emf of each cell (or the difference from the group mean) 4. The residual emf, P 5. The standard deviation of a single observation 6. The deviation of each observation from the predicted value
The frequency with which these intercomparisons should be run may vary considerably depending on the particular installation. Once it is established that the process is in a state of control then one intercomparison each week should be sufficient.
IV. Change of Restraint
In the previous section it was assumed that the mean for the whole group was known, such as would be the case if the group had been assigned values by the National Bureau of Standards. Because only differences in emf are measured, this average value is the restraint on the values which provide the "ground zero" to which the cell values are related.
When one or more of the cells show a change so large as to be inconsistent with its assigned value, it becomes necessary to remove these cells from the defining group. Evidence of such changes would be discovered from control charts on either the cell values or control charts on differences between cells (see the next section on control charts).
To illustrate, let us assume that the assigned values for the 5th and 6th cells of the example in Table A Table A-4 The last two cells are obviously inconsistent with their assigned values, so that one would want to remove these from the restraint and establish "ground zero" with the first four cells.
To do this one calculates The cell values are now expressed in terms of the average of the "good" cells as the reference point. The misbehaving cells would ordinarily continue to be measured in the hope that they would stabilize at some new value.
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V. Control Charts
Control charts [5] , [6] on process parameters such as the cell values and standard deviations of a single observation provide an effective means of determining whether or not the process is in a state of statistical control. Control charts for each cell (or difference between cells), process precision (standard deviation of an observation), and the residual emf P should be maintained. These charts provide the verification of that part of the uncertainty statement that deals with bounds for the effect of random error. Such statements say in effect "If this measurement process is used a large number of times, the values obtained for a single quantity will vary within the stated limits." The charts permit one to demonstrate the validity of such statements on current data.
For each run one will have values for each of the cells, the standard deviation, and the residual emf. To check on the state of control of the measurement process and on the stability of the cells, one would study the sequence of values for these parameters. Control charts on the cells can be established on the emf of the cells, the difference between successive cells (e.g. cell 1-cell 2, cell 2-cell 3, cell 3-cell 4, etc.), or both. The former has the difficulty that it is not sensitive to a change in the emf of a single cell. However, by following the differences between successive cells (i.e. 1st minus 2nd, 2nd minus 3rd and so on) one has an easily interpreted set of results even though the successive differences are not independent. A single "bad" cell will show up as out of control on two successive differences, whereas the remaining differences are unaffected.
In order to establish control limits one has to know the precision of the measurement process (see discussion on measurement processes in ref. [7] ). However, under the assumption that the standard deviation, σ , of the process is known one can, for a given design, write down the standard deviations of the individual cell emfs, the difference between two cells, and for the residual P . One can use three times the appropriate standard deviation as control limits. For the designs given the values for setting limits are shown in Table 2 .
Unfortunately, when starting such surveillance the process precision, σ , is usually not known and must be estimated from the available data. In this case one would pool a number, m , of individual standard deviations using the formula Table 2 , a control chart on the standard deviation of the process (i.e. on s as computed in Appendix A) should be constructed.
It is also desirable to maintain a control chart on the residual emf using the limits given in Table 2 . Initially the accepted value of P would be taken as zero. However, if after repeated measurements the value of P is other than zero and constant, the central value and control limits should be adjusted accordingly.
The start of each type of control chart is shown in Fig. 2 . For the charts on the cells the central values for both cells and difference between cells should be based on the assigned values. The chart can either be kept on a run number or a time basis. The latter has the advantage that one can estimate rate of drift if any cell shows a trend. * The upper figures are for those cells included in the mean and the lower figures are for those cells excluded from the mean. 1. For differences (1-2) (2-3) (4-5) (5-6) the limit is 1.7321.
For differences (4-5) (6-1) the limit is 1.7525.
To compute control limit multiply σ or pooled p s by the appropriate factor and add or subtract as required.
If a cell should "go bad" and be removed from the mean, but still kept in the group, then the limits should be altered accordingly (see Table 2 ). It is important to bear in mind that the control charts on the cells only indicate change in the emf of cells relative to each other. If the whole group is changing it will not show up in any of the charts and can only be ascertained by comparison with other cells whose values are known. This situation does occur because small groups of cells are usually from the same manufacturer and lot, and therefore have similar aging characteristics.
VI. Systematic Errors
Ideally a measurement process should be free of systematic error, however, this is not often the case. In fact, the residual P is a systematic error. Its effect on the values of the cells is readily removed and its magnitude estimated using the suggested designs. Other systematic errors are not so easily detected. Indications of their presence in some cases can be obtained by analysis of deviations from two or more successive designs run on the same group of cells.
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Control Chart for value of cell.
Control Chart for the difference between successive cells.
Control Chart for residual.
Control Chart for standard deviation of a single observation. Typical control charts for maintaining surveillance over a group of standard cells.
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Detection is based on the assumption that the deviations for a particular observation (cell 1-cell 2, cell 1-cell 3, etc.) are independent in successive runs.
If the magnitude and sign of corresponding deviations from successive runs tend to agree then one would suspect the presence of a systematic error. Such an analysis can be done on 5 and 6 cell groups graphically by plotting the deviations of one run as a function of the second run. If the deviations tend to fall on a straight line having slope 1 and passing through the origin, then one would suspect a systematic error. If there is none then the points would be distributed randomly. Figure 3 shows an example with no systematic error present. Figure 4 was created from the data of Figure 3 by adding 0.3 µV to the absolute value of each observation to simulate an offset error such as failing to correct for the instrument zero. The presence of such a systematic error will (1) cause the deviations to string along the line, (2) inflate the standard deviation, and (3), introduce a bias into each calculated i v . The magnitude of the latter will depend on the particular set of observations. Instead of the model for a single observation being
as in the case of Figure 3 , and as assumed in the appendix, it is now ( )
where C is the zero offset.
For sets with less than 5 cells one would examine the deviations of successive runs for patterns. If the deviations for a given observation have the same sign and approximately the same magnitude, one would suspect a possible systematic error. Studies are being conducted to develop relatively simple tests that may be used to detect the presence of many types of systematic errors.
The cause or causes of systematic errors will depend on a particular measuring system. For all possible values of j and k the following schedule of measurements is convenient and requires changing the connections to only one cell at a time. ( ) 
